To overcome the limitations of the normal logistic equation, we aimed to improve the logistic model under hydrodynamic conditions for the examination of the responses of cyanobacterium, coupled turbulence mixing, and growth of cyanobacterium in population dynamics models. Selecting Microcystis aeruginosa and experimenting with the ideal conditions in a laboratory beaker, the chlorophyll-a concentration reached the corresponding maximum under each turbulent condition compared with the control. According to the experiment results, the theory of mass transfer, turbulence mixing, and the logistic equation are organically combined. The improved logistic growth model of Microcystis aeruginosa and competition growth model in the symbiont Scenedesmus quadricauda under turbulent conditions were established. Using the MATLAB multi-parameter surface fitting device, both models produced good fitting effects, with R > 0.95, proving that the results fit the models, and demonstrating the relationship of the unity of nutrient transfer and algae growth affected by turbulence mixing. With continuous increases in turbulent mixing, the fitted curve became smoother and steadier. Algae stimulated by turbulence accelerate reproduction and fission to achieve population dominance. The improved logistic model quantitatively explains the Microcystis aeruginosa response to turbulence and provides a basis to represent ecological and biogeochemical processes in enclosed eutrophic water bodies.
Introduction
In hypertrophic freshwater lakes, turbulent mixing is increasingly thought to be a key factor in the growth, blooms, and composition of the cyanobacterium Microcystis aeruginosa [1] [2] [3] [4] . Turbulent mixing preventing nuisance blooms of cyanobacterium has been reported at the population and ecosystem levels in a few cases [5] [6] [7] . Bronnenmeier and Märkl [8] found that higher turbulence can result in algal cell wall breakage, and Regel et al. [9] found that turbulence has little effect on the algae under low turbulence intensity, whereas high shear turbulence can cause cell deformation or breakage, suggesting an inhibitory effect of higher turbulence intensities on algae growth. However, due to the complex interactions between algae physiology and behavior, nutrient dynamics, and the light environment, many studies failed to accurately characterize these inhibitory effects in nature [10, 11] . To qualitatively describe algae dynamics and correlation with turbulent mixing, researchers have conducted series of The aim of present study was to introduce turbulence mixing into the examination of the responses of Microcystis aeruginosa to coupled turbulence flow and the growth of Microcystis aeruginosa in the models of population dynamics. In this study, we found: (1) the hybrid hydraulics can increase the space capacity of algae growth, and (2) the increased rate of algal population is directly proportional to the space amount of population. On this basis, a beaker experiment with controlled variables was conducted to study the influence of hydrodynamics on algae growth. Light, temperature, and nutrient conditions were fixed and the average water mixing rate of the beaker hydrodynamics was used as the variable in the experiments. An improved logistic model of Microcystis aeruginosa and a competition growth model with the symbiont Scenedesmus quadricauda were established based on the experimental results, among which the data for the competition model were obtained from our research team member Zhang's masters thesis [29] .
Materials and Methods

Experimental Procedure
Microcystis aeruginosa (FACHB-905) and Scenedesmus quadricauda (FACHB-507) were purchased from the Institute of Hydrobiology, Chinese Academy of Sciences (Wuhan, China). The algae were cultivated in BG11 culture medium for 1 week until the logarithmic growth phase at 4000 lux light intensity and a constant temperature of 26 • C. Experimental medium and utensils were all sterilized at 121 • C for 30 min and then cooled to room temperature before use. Glassware used in the experiments was prepared by soaking in 0.1 M hydrochloric acid overnight and rinsed. The experiments were conducted in an artificial climate chamber at constant temperature and light conditions. The specific volume of the medium was added to a 2 L beaker and then the M. aeruginosa in the logarithmic growth phase were added to 1800 mL of supplemented media. The date of inoculation was recorded, and algae density and chlorophyll-a (Chl-a) concentrations were measured every day. Each experiment was repeated 3 times. The experiment period was 20 days.
Sample Analysis and Date Processing
Algae growth was quantified using the number of algae cells and Chl-a concentration. Algae cells were counted using a hem cytometer under an optical microscope (Olympus CX21, Olympus Corporation, Tokyo, Japan). The Chl-a concentration was determined by phytoplankton classification using PHYTO-PAM fluorescence analyzer (Walz, Effeltrich, Germany). When the Chl-a concentration in the sample was higher than 300 µg/L, fluorescence resorption from the chlorophyll molecule could interfere with the results. To avoid this effect, when the measured Chl-a content was higher than 300 µg/L, the sample was diluted and re-measured.
A magnetic stirrer created circulation flow in the water to form a closed turbulent environment. Turbulent intensity was controlled by adjusting the speed of the magnetic stirrer. The experiments included one control and three turbulent conditions with speeds of 100 rpm, 150 rpm, and 200 rpm. The relationship between water turbulent mixing capabilities and flow velocity were tested throughout the experiments. A three-dimensional model was established using Pro Engineer wildfire 5.0 (Parametric Technology Corporation, Boston, MA, USA). The Mesh under Ansys14.0 software package (ANSYS, America) was used to calculate the unstructured mesh. Numerical analysis was fitted using the cure fitting tool in MATLAB R2013a (MathWorks, Natick, MA, USA). Image data were processed using Origin Pro 8.0 (OriginLab, Northampton, MA, USA).
Test for Hydraulic Parameter Description
A high definition camera (Sony NEX-5N, Sony Corporation, Tokyo, Japan) with an EF S18-55 mm lens that is not used for full frame was used to observe the water mixing characteristics in the beaker. The parameter was set to 25 frames/s, shutter 1/40 s, and aperture F8. The camera focal plane was parallel to the container axis. Algae were added to 2 L of water in the test vessel and then the speed of Water 2019, 11, 669 4 of 13 the magnetic stirrer was adjusted. The camera was turned on when the rotational speed was stable, and 40 µL dye was added to the water on the surface in the center. The RGB color (Red-green-blue) gradient was used to record the mixing of the dye. As shown in Figure 1 , the dye was completely mixed into the water. The central vortex flow path controlled the water mixture and resulted in an exchange between the upper and lower water. For example, the RGB color gradient over time in the beaker under 100 rpm stirring is shown in Figure 2 .
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Figures 5a and 5b show the growth of Cyanobacteria (Microcystis aeruginosa) under different turbulence intensities. Compared to the control condition, turbulence promoted the growth of Microcystis aeruginosa. The Chl-a concentration change in Microcystis aeruginosa and the change in the number of algae cells under different turbulent mixing conditions were significantly related (r > 0.96). As the curves show, the growth trend between different turbulence conditions were approximately same: the lag phase occurs, then the logarithmic phase is entered, and finally stability is achieved, in agreement with the logistic growth model. Under the same light intensity and nutrient level conditions, this kind of algae is assumed to have the same r value (maximum growth rate). At the beginning of cultivation, M. aeruginosa was in the adaptive phase, in which the synthesis rate and concentration of Chl-a were lower than during the other phases. After six days, the growth in Microcystis aeruginosa entered into the logarithmic phase, in which the concentration of Chl-a increased logarithmically and differences between groups appeared. Based on the microscopic examination of the blood plate count to determine the cell damage rate, there was no algal cell damage. Under low hydraulic shear strengths, the hydraulic shear effect does not destroy the algae cell. 
Construction of Logistic Model Under Water Disturbance
Hypothesis
The maximum biomass or maximum abundance (M) is related to the combined homogenization effects between the nutrients and harmful substances in the water. The homogenization effect of the concentration field is based on the turbulent mixing. Based on the linear relationship between the maximum concentrations and turbulence mixing, and combining the maximum space capacity of algae growth under turbulent conditions, the logistic model can be optimized in terms of hydrodynamic force.
Modified Equation Deduction Based on Active M
Due to the continuous nutrient consumption and the waste discharge of the cell, the size of the biological growth space in the surroundings was affected by the mass transfer efficiency between the tiny water body (the laminar boundary layer) around the cell and the large water body (diffusion rate of nutrient and self-produced waste of the cell). This mass transfer efficiency was directly proportional to the concentration gradient between tiny water body (laminar boundary layer) and the large water body around the cell. Under eutrophication conditions, the beaker can be regarded 
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Modified Equation Deduction Based on Active M
Due to the continuous nutrient consumption and the waste discharge of the cell, the size of the biological growth space in the surroundings was affected by the mass transfer efficiency between the tiny water body (the laminar boundary layer) around the cell and the large water body (diffusion rate of nutrient and self-produced waste of the cell). This mass transfer efficiency was directly proportional to the concentration gradient between tiny water body (laminar boundary layer) and the large water body around the cell. Under eutrophication conditions, the beaker can be regarded as a large water body. Turbulent water mixing can prevent hazardous substances around the cell from accumulating and replenish nutrients around the tiny water body (Figure 6 (Figure 6 ). As described above, the material transport capacity can be characterized by the fluid replacement rate to which nutrient transport by microfluidics is related. Assuming that infinity concentration is c, complete mixture is represented as the speed at which infinite distance fluid replaces the fluid block of nutrient depletion and water stacking in the laminar boundary layer.
where V is the volume of reactor, T is the complete mixture time, and is the mixing rate. The biochemical reaction equation is assumed to be A + B→C + D. Then the growth limitation has the following relationship:
where K(ABCD) is reaction rate, A and B are the nutrients, and C and D are the metabolites. This relationship reflects the effect of the concentration of substances surrounding the cell on the growth of the cell in the period of balance or dynamic balance. Mass transfer is the key to a welldistributed concentration field and the limitation on increasing algae density. Under ideal growth conditions, the concentration of extracellular substances has a significant influence on the growth of algae. In the impounded body, concentration gradients can reach an equilibrium state within infinite time. However, cell biological processes are dynamic equilibrium processes, and waste accumulation and nutrient decrease lead to cell death. So, delayed extracellular diffusion of substances A, B, C, and D influence the maximum biomass, whereas the hydraulic condition decreases C and D and increases A and B by homogeneous mixing, which pushes the reaction toward the right, that is, promotes the growth of algae.
The fluid replacement ratio affects the concentration of the laminar boundary layer material, which is directly proportional to the nutrient concentration with which the cell is in contact. The fluid replacement ratio is directly proportional to the concentration of the substances in the area surrounding of the cell; therefore, the fluid replacement ratio is directly proportional to the mass of cell growth (maximum biomass or abundance). As described above, the material transport capacity can be characterized by the fluid replacement rate to which nutrient transport by microfluidics is related. Assuming that infinity concentration is c, complete mixture is represented as the speed at which infinite distance fluid replaces the fluid block of nutrient depletion and water stacking in the laminar boundary layer.
where V is the volume of reactor, T is the complete mixture time, and v replace is the mixing rate. The biochemical reaction equation is assumed to be A + B → C + D. Then the growth limitation has the following relationship:
where K(ABCD) is reaction rate, A and B are the nutrients, and C and D are the metabolites. This relationship reflects the effect of the concentration of substances surrounding the cell on the growth of the cell in the period of balance or dynamic balance. Mass transfer is the key to a well-distributed concentration field and the limitation on increasing algae density. Under ideal growth conditions, the concentration of extracellular substances has a significant influence on the growth of algae. In the impounded body, concentration gradients can reach an equilibrium state within infinite time. However, cell biological processes are dynamic equilibrium processes, and waste accumulation and nutrient decrease lead to cell death. So, delayed extracellular diffusion of substances A, B, C, and D influence the maximum biomass, whereas the hydraulic condition decreases C and D and increases A and B by homogeneous mixing, which pushes the reaction toward the right, that is, promotes the growth of algae.
The fluid replacement ratio affects the concentration of the laminar boundary layer material, which is directly proportional to the nutrient concentration with which the cell is in contact. The fluid replacement ratio is directly proportional to the concentration of the substances in the area surrounding of the cell; therefore, the fluid replacement ratio is directly proportional to the mass of cell growth (maximum biomass or abundance).
The differential form of the logistic function is described as the following: growth speed k is directly proportional to the residual biomass (M -P):
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where P is biomass or abundance, t is time, k is growth rate of the algae, and M is maximum biomass or maximum abundance. The influence of mass transfer efficiency on maximum biomass (abundance) results in M being optimized into a linear relationship as follows:
where M 0 is the maximum biomass (abundance) in static moment and K M is constant. Then, the integral form of the logistic function is:
where r is proportional constant of growth rate and space, and t* is the time to reach half of maximum biomass (abundance).
The relationship between mass transfer efficiency and M is substituted into an integral form of the logistic function:
As such, two-dimensional fitting target formula was achieved. The parameter optimized hydrodynamic force logistic function can be achieved using the N-t-P relational formula for parameter fitting.
Model Verification
Multi-parameter estimation adopts least squares estimation based on the regional optimization idea. In the initial value area, the best function matching of data is found by minimizing the sum of squared errors. Parameter c is selected to minimize the weighted sum of squares of residuals (or deviations) between fitting data and actual observed values at each point. The curve is the fitting curve of data under the meaning of weighted least square. There are many methods that have been successfully used to solve fitting curves. For linear models, parameters can generally be calculated by establishing and solving equations and then a fitted curve can be obtained.
The largest iteration number was 400. The calculated cutoff point is the change of residual sum of squares between fitting data and measured data on the former and latter iteration, which is less than 10 -6 . The calculated cutoff point is the change of the sum of squared residuals of parameters on the former and latter iteration was less than 10 −6 .
Optimized Parameter Estimation of M
The Curve Fitting Tool in MATLAB was used for fitting data. Using a nonlinear least squares method, Robust is Bisqure and the Levenberg-Marquardt was used. Since the larger sensitivity of surface fitting to initial value of parameter, the numerical values are estimated.
For the maximum Chl-a concentration, M 0 was estimated at 6000 µg/mL and k M was estimated at 8000. The specific growth rate constant was estimated to be 1.0 × 10 −5 at 1 2 M max of 10 days. The parameter estimation of the abundance of the maximum algae cells number and the calculated fitting results are shown in the online Supplementary Materials.
Calculation Fitting Results
For the maximum Chl-a concentration, Table 1 shows the parameter estimation based on a 95% confidence interval and Table 2 shows the fitting evaluation. Considering the universality of the function, the V replace -t-P relation was employed for drawing to better show the relationships among turbulent mixing, time, and Chl-a concentration calculated by the fitting function ( Figure 7 ).
For the maximum Chl-a concentration, Table 1 shows the parameter estimation based on a 95% confidence interval and Table 2 shows the fitting evaluation. Considering the universality of the function, the -t-P relation was employed for drawing to better show the relationships among turbulent mixing, time, and Chl-a concentration calculated by the fitting function ( Figure 7 ). 
Parameter Calculated value Estimated lower limit Estimated higher limit
Deduction of Improved Logistic Function Facing Population Competition
Assuming that there are n kinds of hydrobiontic algae in water, due to the fixed biological capacity of water body, the corresponding cell differential equation is:
relpace v Figure 7 . Relationship among hydrodynamic impact factor, time, and Chl-a concentration.
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The equation set of logistic function is:
where M is the maximum total biomass or maximum total abundance, r i is the specific growth rate of i algae, and t * i is the time that i algae requires to reach half of maximum biomass (abundance). Combined with N-t-P relationship, the known biomass of Microcystis aeruginosa and the competition growth formula based on the logistic function in the symbiosis with Microcystis aeruginosa and Scenedesmus quadricauda is:
where P 1 reflects Scenedesmus quadricauda, in µg/mL, P 2 reflects Microcystis aeruginosa in µg/mL, and kk 1 is the biological plot ratio. According to the experimental results, the average Chl-a concentration of Scenedesmus quadricauda was 33.91 µg/10 4 ind (individual) and the average Chl-a concentration of Microcystis aeruginosa was 2.40 µg/10 4 ind. Under a flow rate of 100 rpm, the maximum biomass and specific growth rate are listed in Table 3 . The adjusted R 2 was greater than 0.6. The analysis of the fitted parameters suggested that the competition of different species causes a decrease in maximum biomass. The transportation and transfer due to water disturbance promotes growth space competition among cells. For instance, increasing diffusion of Microcystis aeruginosa toxins further reduces the growth space. Algae stimulated by external factors accelerate reproduction and fission to achieve population dominance. However, the results showed that algae in the same ecological niche (Microcystis aeruginosa and Scenedesmus quadricauda have similar biological plot ratios: Microcystis aeruginosa:Scenedesmus quadricauda = 1:0.9205) compete with each other and slow down the maximum growth rate. The results obtained from the model agree with observed results.
Discussion
Without considering the velocity of mechanical damage, small-scale turbulence strongly influences the growth of Microcystis aeruginosa. Many studies found that turbulence through water mixing affects the physico-chemical properties of the water column, increases the diffusion rate on the cell surface, and enhances the uptake of nutrients [20, [30] [31] [32] , which then promotes the growth of Microcystis spp., especially the toxic Microcystis spp. In controlled laboratory experiments, where nutrients are plentiful and available light is identical, different turbulent conditions have promoted the growth of Microcystis aeruginosa. Compared with the control condition, the Chl-a concentration reached the corresponding maximum under each turbulence condition. The growth rate of Microcystis aeruginosa decreased with increasing biological saturation in the limited beaker space, reflecting the restriction of nutrition and space on algal population growth. The population dynamics was consistent with the logistic function under each turbulence condition. The improved logistic growth model of M aeruginosa and the competition growth model with the symbiont S. quadricauda under turbulent conditions were established based these experimental results. We introduced turbulence for the examination of physiological responses of Microcystis aeruginosa, coupled turbulence, and growth of Microcystis aeruginosa in the models of population dynamics. The R value of the fitting curve was greater than 0.9, confirming the results fit the model and the unity of the nutrient and algae growth relationship affected by hydrodynamic force. With the increase in turbulence intensity, turbulence has a limited influence on algal growth space.
Phytoplankton population dynamics are controlled by the relative rather than absolute timescales of mixing [33] . Zhou et al. [28] found the short-term (approx. three days') turbulence favored the growth of toxic Microcystis species. In an ideal environment, they assumed that same algae species have similar r values. The initial algae biomass and the r value dominate the beginning of the growth curve. The well-fitted algae curves and similar growth rates support the former hypothesis. At the end of the growth period, the algal population limit influences the size of the algal population. Algal population has a maximum biomass that can change with the turbulence conditions, which proves the feasibility of our conjecture. In the improved logistic growth model of M. aeruginosa, compared with the static conditions, water turbulence can promote the growth of M. aeruginosa and increase the concentration of chl-a under certain turbulence intensity. This conclusion fits the experiment data that showed that algae growth curves are similar to each other under the conditions of high rotational speed. Water turbulence may provide an advantage for M. aeruginosa in allowing access to more nutrients and preventing the accumulation of hazardous material around cell by changing the thickness of the extracellular laminar boundary layer. The same phenomenon has also been observed in other studies [34, 35] .
Under competition conditions, the fitted results confirm the maximum biomass conjecture that similar maximum biomasses occur under different hydraulic conditions and the influence of the flow rate on maximum algae biomass is similar to a linear relationship. The growth rates of algae under competition compared from single algae is larger, which conforms to the explanation that Microcystis aeruginosa toxin has a carcinogenic mechanism. Cancer due to biotoxicity leads to a decrease in total biomass but improved multiplication capacity and increased death rates. Moreover, high intensity turbulence mixing plays an important role in Scenedesmus quadricauda becoming a dominant species, in agreement with other observed data that showed that potentially toxic cyanobacteria predominate under low turbulence, whereas diatoms and green algae dominate growth under high turbulence [10] . Compared with other phytoplankton, many previous studies have suggested that Cyanobacteria can adjust their position in the water by changing their buoyancy to obtain more nutrients, causing Cyanobacteria blooms. When the turbulence intensity increases, the absorption and photosynthetic efficiency of Scenedesmus quadricauda increases in the growth space, and the competitive advantage of Microcystis aeruginosa decreases. Cyanobacteria are more sensitive to small-scale turbulence than green algae, resulting in inhibition of growth under high intensity mixing [36] .
Conclusions
(1) According to the experimental results, the timing of the lag and logarithmic growth phases were similar between turbulence treatments. The process starts from the lag phase, then enters a logarithmic phase, and finally reaches a stable phase, which fits the logistic growth curve. However, the abundance differed between treatments, showing that increases in turbulence can increase growth rate.
(2) Based on the logistic basic function, a planktonic algae model under hydrodynamic conditions was established. When R > 0.95, well-fitted results were obtained, in which the algae growth better matched an s-shaped curved surface growth.
(3) Under the same conditions of adequate nutrients and light, the same type of planktonic algae have a logistic growth rate ratio constant r. Water changes the extracellular environment of planktonic algae through the mass transfer effect and then changes the growth limitation of algae, thus affecting the algal group size. However, water flow enhances the algae biomass. With a continuous increase in flow speed, the fitted curved surface becomes smoother and steadier.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/4/669/s1. Table 1 . The parameters estimation based on 95% confidence interval for maximum cell number of abundance. Table 2 . The fitting evaluation parameters for maximum cell number of abundance. 
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